A nano-fluid was prepared by dispersing 0.1 wt% TiO 2 nano particles in water along with a small amount of surfactant. The performance of the nano-fluid vis-a-vis water as coolant was studied on hot steel plates by measuring the cooling curves and by appropriate metallographic investigations. Significant enhancement in cooling rate was observed for the nano-fluid which could be due to an enhancement of convective heat transfer by jet impingement, coupled with lower surface tension of the nano-fluid, as compared to water.
Introduction
Nano-fluids are mixtures of solid nano particles with average particle size smaller than 100 nm, dispersed in base fluids like water, ethylene glycol etc. 1) These mixtures exhibit superior property in terms of heat transfer, compared to that of the base fluid. Most of the research work 1,2) on nano-fluids till date has been aimed at (a) developing a theoretical understanding of the heat transfer mechanism in nano-fluid (b) characterizing in terms of effective thermal conduction and heat transfer coefficient and (c) applying nano-fluids as heat transfer media in various activities.
Most of the open literature on the subject concentrates on (a) and (b) above and very little is available on (c).
The present research work is motivated by the possibility of application of the proven enhanced heat transfer properties of water based TiO 2 nano-fluids for cooling of hot steel plates, and therefore it falls in the area (c) above. Generally in the steel industry, from the economic point of view water is used as a coolant, since water has a high specific heat and remains a liquid within a wide temperature range. In this study, water based TiO 2 nano-fluid was first formulated out of commercially available nano particles and the viscosity and surface tension of the nano-fluid were examined at different temperatures and concentrations. After that a constant flow of the nano-fluid was allowed to impinge on a preheated steel plate and the cooling characteristic was evaluated. This was then compared with the cooling characteristics of a similar hot plate using an equivalent flow of water under identical conditions. Appropriate metallographic investigation was carried out on the hot plates, after cooling to room temperature. The cooling efficiency of the nano-fluid vis-à-vis water was then evaluated.
Experimental Procedure
Commercially available TiO 2 (Degussa, Germany, P-25 aeroxide) nano-particles were used for the preparation of the nano-fluid. X-ray diffraction (XRD) study of the particles was carried out in a PANanalytical X'Pert PRO machine. From the Riedvelt analysis of the XRD plot it was found that TiO 2 nano-particles contain 85 % of anatase and 15 % of rutile. Figure 1 shows the particle size distribution of the as-received nano particles.
A 0.1 wt% water based TiO 2 nano-fluid was prepared by the following method. A high shear mixer was used to break the agglomerates in the dispersion to produce a stable nano-fluid. The dispersion was electrostatically stabilized at pH 7.43, which is away from the iso-electric point of this particular dispersion.
3) A 0.01 wt% surfactant was added to ensure longer stability. The viscosity of the nano-fluid at different temperatures starting from room temperature to 85°C was determined using Vibro Viscometer (SV-10, range 0.3-10 000 mPa · s), AND, Japan. The surface tension of the nano-fluid was measured by Kruss Tensiometer (KS-100), Germany. To determine the cooling capacity of the nano-fluid, a preheated (at 950°C for 10 min) steel plate of thickness 4 mm having composition (wt%) C: 0.03, Mn: 0.14, Al: 0.04, Si: 0.01, S: 0.005, P: 0.013, Ti: 0.029, Nb: 0.004, N: 0.0035 was placed on the sample loading base of the specially constructed experimental set-up as shown in Fig. 2 . The nano-fluid was pumped from the tank through a nozzle having a diameter of 6 cm and allowed to fall at a velocity 12.6 m/s on the preheated steel plate. A centrifugal pump with a flow rate of 400 L/h and head of 10 m operated at 230 V (drive: 0.025 kW) was used. A total of nine thermocouples were placed on the surface of the plate where the nano-fluid was incident. The cooling curve of the nanofluid was obtained by plotting the average temperature from the data recorded by all the nine thermocouples versus time. The experiment was repeated by allowing a jet of water on to an equivalent steel plate under the same experimental conditions, and cooling curve of water was plotted in the same manner.
A field emission gun scanning electron microscope (FEG SEM), ZEISS, SUPRA 25, Germany operated at 20 kV with EDS attachment was used to study the microstructures taken from the top impinged surfaces as well as from the cross-sections of the plates, cooled by both water and the nano-fluid. An energy dispersive spectroscopic (EDS) analysis was also carried out on the top surface of the plate on which the nano-fluid was incident.
Results and Discussion
From Fig. 1 it can be seen that the average size of the asreceived nano particles was in the range of 30 to 50 nm. Figure 3(a) compares the temperature-time plots of the steel plate cooled by water and by water based TiO 2 nanofluid. In the same diagram the temperature time transformation diagram (TTT) and continuous cooling transformation (CCT) plots for the steel composition 4) have been superimposed. The TTT and CCT curves denote 50 % phase transformation.
From Fig. 3(a) it is clearly visible that the cooling rate for the water based TiO 2 nano-fluid is much faster than that of water till the bainite start temperature is reached. This difference in the cooling rates produces very distinct changes in the microstructures of the steel plate after cooling by water and by the nano-fluid as shown in Figs. 4(a)-4(e).
To begin with, the hot plate right at the onset of cooling will be in the austenite range and phase transformation will occur as cooling progresses. Clearly, polygonal ferrite grains are observed on the top surface of the steel plate where water was incident. By contrast, the surface appeared rather rough with visible undulations on the top surface of the steel plate where the nano-fluid gets impinged. The difference shows up clearly in the micrographs taken from the cross-sections of the above two samples as well. Whereas in the water cooled plate only ferrite grains are observed, a distinct two phase microstructure is seen in case of the nanofluid cooled sample. Figure 4 (e) shows a second phase grain, on a magnified scale and this appears to be bainite. The micro-hardness taken from the matrix phase and the second phase are 111 VPN and 141 VPN respectively. Ob-viously, the matrix phase consists of polygonal ferrite grains. The micro-hardness of low carbon bainite has been reported as 150 VPN 5) for bainite, forming at a temperature similar to that in the present case (650°C). Thus we conclude that while a ferrite-bainite structure is obtained during nano-fluid cooling, only ferrite is obtained after cooling by water. Thus, undoubtedly, the cooling has been more severe in the former case. This is also quite apparent from Fig. 3(a) .
We shall now discuss the factors that might have contributed to the enhanced heat transfer by the nano-fluid vis-à-vis water. Heat transfer through a fluid, as exemplified in the present case, is dominated by convection. The co-efficient of convective heat transfer, however, very much depends on the thermal conductivity of the fluid. Although the thermal conductivity of bulk TiO 2 is ϳ8.4 W/m K 6) and that of water is ϳ0.61 W/m K, 6 ) the thermal conductivity of the experimental fluid (containing only 0.1 wt% TiO 2 in water) is expected to be only marginally higher than that of water, (ϳ0.634 W/m K).
6) Therefore, change in thermal conductivity alone can not explain the observed substantially faster cooling rate for the nano-fluid vis-à-vis water. Chopkar et al. 7) have described an experiment where a hot copper block was quenched in pure ethylene glycol and in a nanofluid containing 0.5 vol% dispersion of Al 70 Cu 30 (particle size 20-25 nm) in ethylene glycol. They have reported a perceptible increase in the cooling rate using the nano-fluid and also recorded an improvement of up to two times in the thermal conductivity of the nano-fluid vis-à-vis water.
The results in the present investigation have clearly demonstrated, however, that in this particular case at least, the faster cooling by the nano-fluid is definitely not due to any enhancement in the thermal conductivity. That increase in effective thermal conductivity only contributes to a small part of total convective heat transfer has also been suggested by Wen et al. 8) and by Chen et al. 9) The latter group of authors has also suggested that the better wettability of nano-fluid on metallic surfaces could be a factor contributing to enhanced convective heat transfer coefficient. In the present work the measured surface tension of the nano-fluid at room temperature is 62 mN/m, which is lower than that of water (72 mN/m). Therefore, this may as well contribute to the faster cooling observed using the nano-fluid.
Another reason for the observed effects in the present investigation may be found in the way heat transfer can occur due to pool boiling 10) or jet boiling due to nano-fluid jets impinging on the metallic surfaces.
11) Wasekar and Manglik 12) clearly demonstrated that saturated nucleate boiling of aqueous surfactant solutions show considerable enhancement of the heat transfer coefficient relative to that for pure water. The jet boiling heat transfer, which is more pertinent to the present case, has been dealt at length by Liu and Qiu.
11) They, however, have reported that the boiling heat transfer of the nano-fluid is poorer compared to that of water. From the EDS spectra taken from the heated surface they have attributed this to the formation of a sorption layer (of the nano particles) on the heated surface during jet boiling of the nano-fluid. The EDS spectra taken from several extended areas of the nanofluid impinged steel surface, in the present investigation, have failed to show such sorption layer (of TiO 2 nanoparticles) [ Fig. 4(f) ]. Therefore, the present results are at variance with the postulation of Liu and Qiu.
11) This could be due to the fact that these authors did not add any surfactants to their nano-fluid, and they themselves have admitted that in the absence any such stabilizing agent, the stability of their nano-fluid was not good enough and therefore there was sufficient chance of sedimentation of nano particles to occur.
It has been observed in the present investigation that the nano-fluid viscosity is nearly 50 % more than the viscosity of water [ Fig. 3(b) ]. Higher viscosity of the nano-fluid is an indication of the resistance it may cause by the internal friction between the nano particles and the liquid molecules. This is, however, not high enough to alter the pump efficiency significantly. 12, 13) A higher viscosity of the nanofluid, on the other hand, may be beneficial for heat transfer due to the higher residence time of the nano-fluid on the heated steel plate.
Going back to the effect of boiling heat transfer characteristics of nano-fluids, it has been shown that nano-particle in water play quite an important role. 14) When jet impingement of a coolant takes place on a heated plate, the following cooling zones can be distinguished as a function of increasing distance from the central spot of impingement 15, 16) : i) single phased forced convection, ii) nucleate transition boiling, iii) forced convection film boiling, iv) agglomerated pools and v) radiation and conduction. Zone i) been described by researchers as the area defined by a circle of 1.6-2.6 times the diameter of the jet (which is approx. 6 cm in this case) and after this is the wall jet region, separated into a small region of transition and nucleate boiling which is indicated as zone ii). Based on the fact that the measure-© 2010 ISIJ ments have been taken in a square shaped region of area 10 cm 2 , one can obviously state that the measurements have been taken in the first two zones only. In the present investigation the measurements have been taken over the first two zones only. The convective heat transfer coefficient of nanofluid consisting of aqueous suspension of TiO 2 nanoparticles has been shown to increase with nanoparticle concentration in both the laminar and turbulent flow regimes. 17) Again, The boiling heat transfer coefficient and the critical heat flux(CHF) of stable nano-fluids has been shown to increase with the increase in the value of nanoparticles, up to a concentration of 1-1.25 wt%. 14, 18) 
Conclusion
A water based TiO 2 nano-fluid, when impinged on a hot steel plate, showed significantly higher cooling rate as compared to water as a coolant. It appears that convective heat transfer by jet boiling of the nano-fluid, together with the lower surface tension and higher viscosity of the nano-fluid vis-à-vis water could be important factors leading to a faster cooling.
